A new approach has been developed for the purpose of measuring the electronic transitions to bound exited states for cations that have been collisionally relaxed to low vibrational and rotational temperatures. This has been used to obtain the first gas phase electronic spectra of the protonated polyacetylenes using a two-color ion-photodissociation approach. Specifically, the origin bands in the 
INTRODUCTION
Previous studies of the protonated polyacetylenes include data from calculations, 1-4 mass spectrometry, 1,5,6 and matrix-isolation experiments of their electronic absorption spectra; 7 to this day the gas phase spectra have not been reported. To measure these an apparatus has been built which incorporates the cooling capabilities of a 22-pole ion trap. 8 Thus thermally cooled species can be spectroscopically interrogated.
The protonated polyacetylenes were chosen due to their chemical and astrophysical significance. Unsaturated hydrocarbons have been shown to be present in the interstellar medium ͑ISM͒ and model predictions also anticipate the presence of large polyacetylenic chains. 9, 10 As many chemical reactions in the ISM are of the ion-molecule type, then protonated polyacetylenes stand out as important intermediates bridging the gap in the chemistry of carbon chains and cumulenes. 11 To make significant comparisons to astrophysical observations it is necessary to create ions both rotationally and vibrationally cooled. Previous studies have employed pulsed molecular beam methods to produce cold polyatomic cations. [12] [13] [14] While these methods have proven useful in rotationally cooling the created species, spectral congestion is still present due to the fact that many of the vibrational modes are not fully relaxed. In this experiment a desired species can be collisionally relaxed by trapping the ion in a cryogenically cooled He bath. Both rotational and vibrational motions can be successfully lowered to temperatures comparable to the interstellar medium ͑10-80 K͒.
The approach used has been previously tested in a one photon experiment in which 2,4-hexadiyne cation was cooled and photodissociated. 15 In the latter an electronic absorption was induced using tunable laser excitation and the process was monitored through the collection of fragment ions. Thus the A 2 E u ← X 2 E g transition of C 6 H 6 + was observed and it was shown that rotational and vibrational temperatures of 30 K were attained. In the resulting spectrum all vibrational hot bands were suppressed due to the low temperatures that were reached through the use of cooled helium in the ion trap.
A two-photon one-color process was utilized to study the spectrum of p-dichlorobenzene ͑p-DCB͒ cation. 8 Here the ions were once again mass selected and cooled in the same helium filled ion trap, but this time two photons were required to probe the B 2 B 3u ← X 2 B 2g transition of p-DCB + as the B 2 B 3u state is bound. A rich vibronic structure was observed and vibrational modes were assigned in the excited states. The photofragment spectrum itself was due to the absorption of two photons of the same color in a process involving sequential internal conversion.
In this present study a two-photon two-color photodissociation spectrum of a collisionally cooled trapped cation is reported. The resulting measurement is the first gas phase spectrum of a protonated polyacetylene species. Previously reported electronic absorption spectra in a 6 K neon matrix 7 pinpointed the appropriate region to scan in the gas phase. Besides locating the origin band for the three HC n H 2 + ͑n =4,6,8͒ species, the matrix results were also able to provide useful vibrational frequencies for both the ground and excited states, which in turn led to the assignment of the C 2v nature of the protonated polyacetylenes.
EXPERIMENT
The apparatus has been previously described. 8, 15 Ions are created using an electron impact ͑10 eV͒ source. A flow of either diacetylene or 1,2-dichlorobenzene vapor provides the necessary precursor to produce either HC 8 H 2 + or HC 6 H 2 + cations. The experiment is run in a pulsed mode with a repetition rate of 10 Hz. The newly created HC 2n H 2 + ions are then selected by a quadrupole mass filter and injected into a 3.6 cm long 22-pole ion trap, based on the design of Gerlich. 16 Resolution was set to ±0.5 amu to prevent transmission of C 2n H 2 + or a͒ C 2n H 4 + species. The trap is loaded with approximately 15 000 ions in 20 ms and operates with a frequency of typically 1.5-2 MHz and a rf amplitude of 70 V. Here ions undergo collisions with cryogenically cooled He buffer gas for 60 ms, thermalizing the constrained ions both rotationally and vibrationally.
Once sufficiently cooled the ions are probed using a twophoton two-color pump-probe approach, with the light being provided from both a scanned dye laser ͑0.15 cm −1 ͒ and the fixed doubled output from a broadband Nd:YAG ͑yttrium aluminum garnet͒ pumped optical parametric oscillator ͑OPO͒ system ͑6 cm −1 ͒. In the case of HC 8 H 2 + a Nd:YAG pumped OPO system ͑0.3 cm −1 ͒ was used. In the experiment tunable radiation promotes the electronic excitation. A subsequent UV photon was then used to initiate fragmentation of the excited ions.
For optimum signals the two laser beams must be overlapped in both time and space. The lasers were externally triggered from the individual outputs of a delay generator. Time overlap was monitored using two identical photodiodes; time jitter was less then 1 ns. The laser beams were combined using a highly reflective 45°mirror ͑200-355 nm͒. The tunable radiation was passed through the mirror, while the fixed UV beam was reflected by 90°to be collinear with it.
After resonance excitation the newly dissociated products are released from the ion trap by lowering the exit potential. A second quadrupole filters the fragment ions, allowing only the selected ones to be detected by a Daly detector. The spectra were obtained by monitoring the number of fragment ions as a function of photon energy.
RESULTS AND DISCUSSION
The spectra were recorded for the regions where the respective transitions were first observed in neon matrices after mass selected deposition. 7 345 and 248 nm UV laser light were chosen as the probe wavelengths for HC 8 H 2 + and HC 6 H 2 + , respectively. Loss of both C 3 H 2 and C 3 H was monitored as the fragmentation channels for both HC 8 H 2 + and HC 6 H 2 + cations. The electronic absorption spectrum of HC 8 H 2 + , observed by measuring the fragment ion C 5 H + , is shown in Fig. 1 . The transition appears in the gas phase at around 21 400 cm −1 , a 14 cm −1 blueshift from the neon matrix value. 7 This result is consistent with the polyacetylene cation series in which gas to Ne matrix shifts amounted to no greater than 1% of the transition's frequency. 17 The corresponding transition for the deuterated species, DC 8 D 2 + , is also shown in Fig. 1 . The deuterated species has a blueshift ͑8 cm −1 ͒ with respect to HC 8 H 2 + and displays a similar rotational profile. ͑vide infra͒ and the bandwidth of the OPO laser was 0.3 cm −1 . It is possible, however, to interpret the band in terms of unresolved P and R branch contours. The width of the peak is about 4 cm −1 . Saturation effects were observed upon increasing power of the scanned laser. Specifically, P and R branches were broadened and a visible Q branch became more apparent, as shown in the inset of Fig. 2 . Figure 3 shows a similar electronic transition for HC 6 H 2 + , observed by monitoring the fragment ion C 3 H + . The transition occurs near 26 404 cm −1 in the gas phase, 10 cm
redshifted with respect to the same transition observed in Ne matrices. The unresolved rotational profile has a width of 6 cm −1 . The rotational constant for HC 6 H 2 + is on the order of 0.04 cm −1 and the laser resolution obtained without the use of an internal étalon was 0.15 cm −1 . An inset in Fig. 3 demonstrates the effects of increasing the laser power: saturation leads to a broadened profile and an increase in the relative intensity of the Q branch.
There are a number of possible structures for the HC 2n H 2 + species. Previous analysis from the IR spectra of the mass selected HC n H 2 + ͑n =4,6,8͒ ions in a neon matrix 7 concluded that the linear protonated form is preferred by the presence of C-H stretches in the CH 2 group and totally symmetric C-C stretches along the carbon skeleton. Calculations Because the electronic transitions in Figs. 1-3 are not rotationally resolved it is necessary to rely on calculations to obtain information concerning the spectroscopic properties of the excited states. Thus a time dependent DFT ͑TD-DFT͒ calculation, also at the DFT B3LYP/cc-pVTZ level of theory, was carried out for the three lowest lying electronic transitions ͑Table II͒. This predicts that only a vertical transition to the second excited electronic state is dipole allowed. Therefore the origin band observed in the spectrum can be assigned as
While the TD-DFT calculations can determine the symmetry of the excited state, a more comprehensive calculation can verify if the transition actually populates a bound state. Both a Hartree-Fock and a CIS calculation on the ground and excited states for both species were performed using the ccpVDZ basis set. The results, also shown in Table II , indeed indicate convergences to excited state geometries that demonstrate the same symmetries as the TD-DFT calculation. Thus both methods are able to confirm a parallel transition, which is in accord with the absence of K structure expected for perpendicular bands in the observed spectrum.
As the rotational structure is unresolved a rotational contour fit utilizing a least squares procedure was used to obtain the molecular constants. 20 The spectrum of an asymmetric top molecule is characterized by the rotational constants A, B, and C in both the ground and excited states, the transition frequency, temperature, spin statistical weights, a full width at half maximum of Gaussian line shape, and an amplitude and base line bias. This can yield spectroscopic constants for the excited upper state. The ground state rotational constants AЉ, BЉ, and CЉ were fixed using the results from the DFT calculation at the B3LYP/cc-pVTZ level, the transition frequency was taken from the experimental spectrum, and the temperature was modeled at 30 K. The simulations are shown in Figs. 2 and 3 , and the results of the fitting procedure are tabulated in Table I . In general, the AЈ constants could be varied significantly ͑±0.1 cm −1 ͒ and still give reasonable profile fits which qualitatively match the experimental spectra. This variation also introduced large errors in both the AЈ constants and ⌬A, as well as in T 0 . Errors in the BЈ constants were estimated in a similar fashion. The errors given in Table I are thus conservative estimates based upon a visual contour fit, though statistical errors are smaller. For both of these species a proper analysis awaits the measurement of a rotationally resolved spectrum.
From both the calculations and the experiments one can conclude that the ions undergo a minimal change in geometry during the B 1 A 1 ← X 1 A 1 electronic transition from the ground state to the second excited state: specifically, ⌬A changes by no more than 2% for HC 6 H 2 + and HC 8 H 2 + , indicating that the hydrogen atoms occupy a similar geometry and the bond angles are comparable in the two states. Also, for both ions the ratio of BЉ / BЈ is close to unity, as would be expected for a long chain in which only a minor change in molecular geometry takes place during the electronic excitation. From DFT geometry calculated at the B3LYP/cc-PVTZ level.
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Scanning to the blue of the origin band of HC 8 H 2 + at 467.25 nm revealed the presence of a vibrational band in the excited state. Located at 452.2 nm, this band matches well with the matrix band observed at 457.5 nm; a 472 cm −1 C-C stretch. Other vibrational bands were not sought.
In order to understand how the two-photon process proceeds the deactivation of the protonated species in the bound excited electronic state was studied by varying the time delay between the scanned and fixed fragmentation lasers. From this time dependence ͑Fig. 5͒ one can speculate about the dynamics occurring in the ion trap. A search for the HC 8 H 2
1 A 1 ← X 1 A 1 origin band using a laser induced fluorescence spectrometer revealed no detectable signal, thus demonstrating that there must be a fast depopulation of the excited state to the ground state on a subnanosecond time scale. The measured time constant from the decay trace shown in Fig. 5 , however, lies in the microsecond time regime and is thus related to subsequent collisional deactivation: given the background pressure of the buffer gas ͑Ϸ4 ϫ 10 −4 mbar͒ and the size of the cold trap, an estimated 1 collision/ s occurs between the excited protonated polyacetylene species and the helium gas, resulting in a vibrational to translational energy transfer which gradually cools the hot ions. Figure 6 depicts the observed scenario: a conversion process depopulates the B 1 A 1 excited state faster than the radiative decay to X 1 A 1 , leading to a long lived excited population in either the ground state or a triplet manifold. The second UV photon in the experiment then fragments the ions found in either of these longer lived energy levels. Whether the excited ions cross into a lower lying triplet state or are internally converted into the ground state's highly excited vibrational manifold is not certain.
The 
CONCLUSIONS
The gas phase electronic spectra of two protonated polyacetylene chains have been reported for the first time. A two- 1 A 1 or a triplet manifold ͑e.g., 3 A 1 ͒, is subsequently depopulated through collisions with the helium buffer gas.
color two-photon pump-probe experiment was used to dissociate the polyatomic species in a 22-pole ion trap, which allowed efficient cooling of the studied species through collisional relaxation with cryogenically cooled helium. This enables a comparison of laboratory collected spectra to astrophysical observations.
The observed origin band ͑467.3 nm͒ in the electronic spectrum of HC 8 H 2 + does not correspond with any known feature listed in the diffuse interstellar band ͑DIB͒ literature. 21, 22 In the case of HC 6 H 2 + , the origin band at 378.7 lies in a region where there are no detectable DIBs, with the exception of some shallow broad absorptions. 23 An upper limit to the column density of HC 8 H 2 + can be estimated from N max ͑cm −2 ͒ = 1.13ϫ 10 20 W max / 2 f. Here, a calculated oscillator strength f ͑0.03͒ is taken from the TD-DFT calculation and an equivalent width, W max , of 10 mÅ is assumed as the sensitivity limit for DIB detection in the visible region based on the weakest detectable features usually observed. 21 As a result an upper limit for the column density of HC 8 H 2 + in diffuse clouds is on the order of 10 12 cm −2 . The absence of rotational structure makes a clear-cut assignment of the geometry difficult. Calculations and spectra from mass selected species trapped in neon matrices show that the protonated form, HC n H 2 + of C 2v symmetry, is the structure observed. Through modeling the band profile in the measured gas phase spectra both upper and lower state spectroscopic constants were determined. The measurement of rotationally resolved spectra will be able to confirm these proposed C 2v structures.
